Silkworm silk has been widely used as a textile fiber, as biomaterials and in optically functional materials due to its extraordinary properties. The β-sheetrich natural nanofiber units of about 10−50 nm in diameter are often considered the origin of these properties, yet it remains unclear how silk self-assembles into these hierarchical structures. A new system composed of β-sheet-rich silk nanofibers about 10−20 nm in diameter is reported here, where these nanofibers formed into "flowing hydrogels" at 0.5−2% solutions and could be transformed back into the solution state at lower concentrations, even with a high β-sheet content. This is in contrast with other silk processed materials, where significant β-sheet content negates reversibility between solution and solid states. These fibers are formed by regulating the selfassembly process of silk in aqueous solution, which changes the distribution of negative charges while still supporting β-sheet formation in the structures.
INTRODUCTION
Silks spun by silkworms and spiders represent some of the strongest and toughest biological materials. 1−3 It is generally believed that the outstanding mechanical properties of silks are due to its sophisticated hierarchical structures involving amorphous and crystalline protein phases and their interplay, which are controlled by a combination of the chemistry and the spinning process. 4−6 Computational experiments have shown that the geometric confinement of silk fibrils to diameters of 50 ± 30 nm is critical to enable the utilization of weak hydrogen bonds and simple material building blocks to achieve outstanding mechanical properties. 7, 8 Yet the recapitulation of native silk fibroin spinning solution and formation of fiber properties in vitro from reconstituted silk solutions remains a challenge, 9, 10 in part because the self-assembly process at the nanoscale remains unclear.
From an engineering perspective, silk has been utilized in various technological fields including tissue regeneration, drug release, optical components, and electronic applications. 11−14 Beyond the recapitulation of native fiber properties in vitro, the effective control of silk nanostructures, mechanical properties, degradation behavior and surface properties offers further tuning and applications. It is evident that understanding and controlling the self-assembly process of silk is pivotal for the design and preparation of functional silk-based materials. 15, 16 Several mechanisms for silk processing and self-assembly have been proposed in order to gain insight into the formation of the structural hierarchy of silk. 5, 17, 18 Recently, an improved mechanism to control the formation of silk nanofibrous structures implied that the self-assembly of silk in aqueous solution was a thermodynamically driven process where kinetics also play a key role. 19 Four factors including molecular mobility, charge, hydrophilic interactions, and concentration underlie the process, suggesting the possibility to control nanostructure formation in solution. Although several critical developments in self-assembly mechanisms have been achieved in recent years, 20−23 there remain few studies of regulating the structural hierarchy of silk toward the design of novel functional materials using such a bottom-up approach.
In our recent study, silk nanofibers with different sizes and secondary conformations have been prepared in aqueous solution. 24 However, most of the nanofibers were metastable and easily changed their nanostructures and secondary conformations spontaneously, making it difficult to study their properties and possible applications. Therefore, in the present study, stable silk nanofibers in aqueous solution were prepared through further controlling the self-assembly of silk fibroin. Unlike prior approaches, the silk nanofibers with high β-sheet content in the present study could still be dispersed in aqueous solution at low concentrations (below 0.5 wt %) and transformed into hydrogels with increasing concentration. The transition between solution and hydrogel was reversible, and could be further regulated through changed the nanostructures of silk fibroin under controllable process, which is first reported to the best of our knowledge. Films and porous scaffolds derived from the nanofibers showed distinct properties associated with charge distribution, implying the feasibility to design functional silk-based materials with this bottom-up approach.
EXPERIMENTAL SECTION

Preparation of Aqueous Silk Fibroin Solutions.
Production of silk fibroin solution was previously described. 25 Bombyx mori cocoons were boiled for 20 min in an aqueous solution of 0.02 M Na 2 CO 3 , and then rinsed thoroughly with distilled water to extract the sericin proteins. The extracted silk was dissolved in 9.3 M LiBr solution (Sigma-Aldrich, St. Louis, MO) at 60°C, yielding a 20% (w/ v) solution. This solution was dialyzed against distilled water, using Slide-a-Lyzer dialysis cassettes (Pierce, MWCO 3500) for 72 h to remove the salt. The solution was optically clear after dialysis and was centrifuged at 9000 rpm for 20 min at 4°C to remove silk aggregates formed during the process. The final concentration of aqueous silk solution was about 6 wt %, determined by weighing the remaining solid after drying.
2.2. Silk Nanofiber Formation. To prepare silk nanofibers, fresh silk fibroin solution was treated by a concentration-dilution process. 26 The solution (6 wt %) was slowly concentrated to about 20 wt % over 24 h at 60°C to form metastable nanoparticles, and then diluted to below 2 wt % with distilled water. The diluted silk solution was incubated for about 24 h at 60°C to induce the nanofiber formation.
2.3. Ultrasonic Treatment. A SL-650D Sonifier (Shunliu Instrument Co., Nanjing, China), which consisted of the (Model 650D) with output power supply 650 W, was used to sonicate the silk solutions. 27 The silk concentration was varied from 0.5 wt % to 2 wt %, and ultrasonic intensity was varied from 100 to 500 W for 10 min to generate silk nanofibers with different lengths. Then the sonicated solutions were incubated at different temperatures to monitor the hydrogel−solution transition process.
2.4. Electrogelation of Silk Fibroin Solutions. Electrodes were immersed in an aqueous solution of silk fibroin, and 25 V DC was applied over a 3 min period to a pair of conductive electrodes. 28 Within seconds of the application of the voltage, a visible gel formed at the positive electrode and is termed e-gel.
Ions-Induced
Hydrogel−Solution Transition. To determine the effect of ions on the hydrogel−solution transition process, an equal weight of a 50 mM CaCl 2 aqueous solution was added dropwise into the silk nanofiber solution without stirring. Gelation occurred rapidly upon the addition of the metal salt solution.
2.6. Preparation of Solid State Materials from Silk Nanofibers. To prepare silk nanofiber films, 1.5 mL of silk nanofiber hydrogel (2 wt %) was cast on a polystyrene Petri dish (diameter 30 mm) and then dried to form film at room temperature. Silk nanofiber scaffolds were prepared through a lyophilization process. 26 Three milliliters of silk nanofiber hydrogel (2 wt %) was poured into a cylindrically shaped container (diameter 15 mm), frozen at −20°C for 12 h, and then lyophilized for 48 h.
2.7. Zeta Potential. Surface charges of silk solutions were determined via zeta potential measurement. 24 One milliliter of the solution was loaded to a Zetasizer (Nano ZS, Malvern, Worcesteshire, UK) for the zeta potential measurement at 25°C.
2.8. Circular Dichroism (CD). The secondary structures of the silk hydrogels were measured with a Jasco-815 CD spectrophotometer (Jasco Co., Japan). 24 CD spectra were recorded from 250 to 190 nm wavelengths with an accumulation of five scans at a scanning rate of 100 nm min −1 at 25°C. The results were averaged from three repeated experiments.
2.9. Dynamic Oscillatory Rheology. Rheological studies were run on a Rheometer (AR2000, TA Instruments, New Castle, USA) fitted with a 20 mm cone plate (Ti, 20/1°). 28 Prior to each experimental day, the rheometer underwent a torque map with a 10 Pa s calibration oil. Frequency sweeps were collected continuously over a wide frequency range from 100 to 1 rad s −1 at 25°C. All samples were stabilized for 20 min before the measurement.
2.10. Fourier Transform Infrared (FTIR) Spectroscopy. The secondary structures of the various samples in solid state were analyzed by FTIR on a Nicolet FTIR 5700 spectrometer (Thermo Scientific, FL, USA). 29 For each measurement, 64 scans were coded with a resolution of 4 cm −1 , with the wavenumber ranging from 400 to 4000 cm −1 .
2.11. X-ray Diffraction (XRD). Crystal structure of samples was determined by XRD. 29 The experiments were conducted with an X-ray diffractometer (X'Pert-Pro MPD, PANalytical, Almelo, Holland) with Cu Kα radiation at 40 kV and 30 mA and scanning rate of 0.6°min −1 . Before examination, the dried samples were pressed into sheets with a hydraulic compressor.
2.12. Scanning Electron Microscopy (SEM). The morphology of samples was observed using an SEM (S-4800, Hitachi, Tokyo, Japan) at 3 kV to avoid the destruction of silk structure. 29 Before SEM examination, the dried samples were coated with platinum.
2.13. Atomic Force Microscopy (AFM). For AFM experiments, silk solutions were diluted to below 0.1 wt % to avoid masking the original morphology by multilayers of silk. 29 A total of 2 μL of the diluted silk solution was dropped onto freshly cleaved 4 × 4 mm 2 mica surfaces. The morphology of silk fibroin was observed by AFM (Nanoscope V, Veeco, NY, USA) in air. A 225 μm long silicon cantilever with a spring constant of 3 N m −1 was used in tapping mode at 0.5−1 Hz scan rate.
RESULTS AND DISCUSSION
Previous studies implied that nanofiber formation and nanoscale confinement of β-sheet nanocrystals of silk had fundamental roles in achieving stiffness, resilience, and fracture toughness at the microscale. 4,19,30−33 Silk nanofibers with different sizes and secondary conformations have been prepared in aqueous solution by regulating the self-assembly process of silk fibroin in order to provide structural units for further assembly. 24, 34 However, unlike silk in vivo that can maintain a metastable state in the spinning dope, 1, 35, 36 the nanostructures and secondary conformations prepared in vitro undergo changes easily in aqueous solution, making it difficult to design functional materials from nanofibril building blocks. The basis for the current studies comes from recent observations where silk nanofibers could be formed from metastable silk nanoparticles by regulating concentration, incubation temperature and time. To prepare these materials, the key was to use freshly prepared silk solution (6 wt %) and utilize slow concentration processes to generate about 20% over 24 h at 60°C to form the metastable nanoparticles ( Figure  S1 , Supporting Information). These particles were then diluted to below 2 wt % with distilled water to induce disassembly. After further incubation for about 24 h at 60°C, the diluted silk solution (0.5−2 wt %) transformed into hydrogel because of nanofiber formation with lengths of about 1 μm (Figure 1 ). Although silk fibroin in the system showed typical hydrogel viscoelastic behaviors (Figure 2 ), it still maintained flowing, making it difficult to define the state. Therefore, this feature is termed a "flowing hydrogel" in the present our study to distinguish with typical solution and hydrogel states. This observation prompted further investigation into the conditions and responses of the solution under different concentrations. Diluted fresh silk solution (0.5 wt %) without metastable nanoparticles maintained the solution state after incubation for more than 7 days at 60°C, implying a critical effect of the preformation of the nanoparticles for the transformation to the hydrogel state. When the metastable nanoparticles were present in the silk solution, hydrogel formation depended on silk concentration, temperature, and time. Although silk solutions with different concentrations could transform into hydrogels at different temperatures if enough time was provided for the selfassembly process from random coil to silk II (β sheet) structure, 37, 38 the hydrogels composed of the aggregated silk nanoparticles did not exhibit flow ( Figure S2 ). Concentrations from 0.5 wt % to 2 wt % and temperatures above 60°C were conditions for the transformation of the solution to "flowing hydrogel". Based on our previous study, 19 silk II formation is a spontaneous process whose rate can be influenced by temperature, concentration, or original silk conformation. In the present conditions, disassembly from nanoparticle to nanofiber and conformational transitions from random coil to silk II have suitable rates since nanofibers formed when silk fibroin transformed into silk II structure.
Remarkably, once the "flowing hydrogel" formed, this state was retained at different temperatures (from 4 to 90°C) without a transition to solid hydrogel ( Figure S3 ). Importantly, the "flowing hydrogel" formed returned to the solution state by dilution of the hydrogel to below 0.5%. The diluted solution was also stable without a transition to a hydrogel even after incubation at 90°C for more than 1 month, very different behavior than fresh silk solution at the same concentration ( Figure S3 ). The "flowing hydrogel" could be formed again if the diluted solution was concentrated to above 0.5%. The reversible system could be cycled many times. The solution and hydrogel states were also confirmed by dynamic oscillatory shear rheology (Figure 2 ). CD curves of silk fibroin in the hydrogel and solution states indicated that β-sheet was the dominant secondary structure in both states (Figure 1 ). Lyophilization and air-drying were subsequently used to prepare porous matrices and films from the hydrogels and dilute solutions, respectively. The nanofiber structures in the hydrogel and solution states remained unchanged after the two processes and FTIR and XRD data indicated that β-sheet structure was maintained in these solid state samples ( Figure S4) .
Based on previous studies, β-sheet and nanofiber structures are critical to achieve water-insolubility and improve mechanical properties of silk materials. 39−42 However, in the present study, silk fibroin nanofibers composed of β-sheet structures were maintained in solution at low concentrations (below 0.5%) and changed to "flowing hydrogels" at higher concentrations (0.5− 2%). These hydrogels could be used to generate materials albeit with fragile mechanical properties in film and porous matrix states. These films and porous matrices redissolved in water, a very different behavior than previous studies ( Figure S4) .
The solution-hydrogel transitions following changes in concentration were confirmed by dynamic oscillatory shear rheology (Figure 2 ). The silk nanofiber solution at low concentration (0.1%) behaved as a viscoelastic fluid (sol), with loss modulus (G″) higher than storage modulus (G′). Both G″ and G′ increased with increased concentration. When the concentration was above 0.5%, G′ became larger than G″ and presented nearly frequency-independent behavior in the entire frequency range tested, which was a characteristic of solid (gel)-like behavior. Solution-hydrogel transitions could be maintained upon repeated dilution-concentration processes.
In order to clarify structure−mechanical property relationships, silk gels prepared by other methods were also studied. Dynamic shear strain sweeps of G′ collected from e-gels (hydrogel gels prepared under electric fields), 28 ultrasonicationinduced gels (hydrogels prepared by ultrasonicating fresh silk solution at the 20% amplitude setting for 30 s), 27 and the new nanofiber-gels were all prepared at the same concentration (2 wt %). Previous studies indicated that the formation of β-sheet and nanofiber structures were responsible for enhanced mechanical properties of silk hydrogels, mainly because these features improved physical cross-links. 43−46 Although the nanofiber gels and the ultrasonication-induced gels had similar β-sheet contents, significantly higher than that of e-gels ( Figure  2) , the storage moduli of the nanofiber-gels were similar to that of e-gels at high frequencies, but significantly lower than the ultrasonication-induced gels. Since the storage moduli of silk hydrogel depended on the physical cross-links of hydrophobic regions of silk, the results implied fewer physical cross-links between nanofibers in the new hydrogels. The hydrogel− solution transition following dilution also confirmed the formation of weaker physical cross-links between nanofibers, since these interactions were easily disrupted during the dilution process.
The goal was to understand why the nanofiber hydrogel system showed such unusual properties. In recent studies, critical repulsive effects of the negative charges on silk nanofibers was described. 19, 24 The possible repulsive action of these charges on physical cross-links of nanofibers was therefore considered important in terms the mechanisms related to nanofiber-hydrogel transitions. Silk fibroin molecules act as hydrophilic−hydrophobic−hydrophilic polymers, with the formation of micelles or aggregates in water in which hydrophilic domains may still be present inside the assemblies. 5, 19 The hydrophilic regions inside the assemblies could migrate to the surface of the assemblies to reduce the free energy of the silk−water system, 19 resulting in the increase in negative charge on the surface of the assemblies. The process was confirmed by the increased zeta potential of the silk fibroin solution and hydrogel at different conditions. 24 Therefore, the groups with negative charges distribute both inside and on the surface of the assemblies and can change their distribution following self-assembly.
The high zeta potential (−50 mV) with silk nanofiber hydrogels (0.5%) was maintained in diluted nanofiber solutions, a different outcome than observed with previous silk solutions and hydrogels (−10 to −25 mV). 24, 47, 48 The formation of nanofibers about 10−20 nm in diameter and β- sheet structure both facilitated the distribution of negative charges outside the surface. This difference, which implied that more negative charges were distributed on the surface of nanofibers, resulted in higher repulsive forces between the nanofibers. Therefore, it is reasonable to hypothesize that the higher electrostatic repulsion due to the negative charges on the surface of the nanofibers, with the hydrophobic properties of the β-sheet-rich nanofibers, reached a balance to control the assembly behavior of silk fibroin. Since β-sheet-rich nanofibers provided enough hydrophobicity for hydrogel formation, while high electrostatic repulsion restrained physical cross-links, silk nanofiber solutions at higher concentrations (0.5−2%) represented typical viscoelasticity of hydrogels ( Figure 2 ) but could still flow, unlike typical silk usual hydrogels. Also, the result was the formation of silk assemblies with high β-sheet content and negative charges, allowing the nanofibers to achieve viscoelastic properties and reversable hydrogel− solution features.
Reduced silk nanofiber aggregation was evident in AFM images where spaces were observed between nanofibers, failing to form compact layers in dried samples ( Figure S5 ). Calcium chloride was added to the "flowing hydrogel" to neutralize the negative charges on the nanofibers, and, as a result, the hydrogel−solution transition following dilution disappeared ( Figure S5 ). Therefore, because of the only limited aggregation of nanofibers, solid state materials (silk films and porous matrices) derived from the silk nanofibers were so fragile that they became powers under tiny pressure, making it impossible The samples were as follows: (a) untreated 2 wt % hydrogels or the recycled hydrogels after ultrasonic-culturing process after 7 days (similar nanofiber structures were achieved again after the cycle, so the typical image is shown in a); (b) hydrogels after ultrasonic treament for 10 min with the intensity of 100 W; (c) transformed solutions after ultrasonic treatment for 10 min with the intensity of 200 W; (d) transformed solutions after ultrasonic treatment for 10 min with the intensity of 500 W; (e) solutions after the sample in panel d was cultured at 60°C for 1 day; (f) reversed hydrogels after the sample in panel d was cultured at 60°C for 5 days. The cycle process could be repeated many times. (B) The secondary structures of silk in the reversible hydrogel−solution transition process (CD spectra, FTIR spectra, and XRD patterns). Both CD spectra derived from silk gel or solution, and FTIR and XRD spectra derived from freeze-dried samples showed that silk kept stable β-sheet structures in the reversible process. (C) Schematic models for the reversible hydrogel−solution transition of silk with high β-sheet content. The repulsive force derived from negative charge of silk could restrain further assembly of silk nanofibers with high β-sheet content, resulting in the flowing behaviors of hydrogels in higher concentrations and further the transformation from hydrogel to solution states when the solutions were diluted or the nanofibers were broken into shorter fiber/particles. to prepare samples for mechanical test. This was in contrast to computational experiments in which silk nanofiber formation was predicted to result in improved mechanical properties. [30] [31] [32] 42 This difference implied the pivotal need to control assembly of the nanofibers to regulate the properties of silkbased materials. More importantly, since a significant increase of negative charges in silk hydrogels or solutions depended on β-sheet formation, 23, 24, 49 it was concluded that maintaining amorphous states before spinning is a critical step in controlling assembly of silk to achieve outstanding mechanical properties.
Since nanostructures from silk fibroin are important in regulating hydrogel formation, 31, 38, 48, 50 it is possible to design other hydrogel−solution reversible systems. Ultrasonic treat-ment previously used to prepare silk hydrogels by inducing βsheet formation was applied to change the nanostructures of silk fibroin, 27,44 achieving a transition from hydrogel to solution. The hydrogel−solution transition rate was affected by ultrasonic intensity and silk concentration, where faster transitions occurred under higher ultrasonic intensity and lower silk concentrations. AFM and SEM indicated that the silk nanofibers ruptured under ultrasonic treatment, gradually shortening following increased ultrasonic intensity and became nanoparticles of several tens of nanometers in diameter when ultrasonic intensity was above 450 W (Figure 3 ). Since β-sheet structure and zeta potential of silk fibroin remained stable under ultrasonic treatment ( Figure 3B and Table 1 ), the change in nanostructures was a primary reason for the hydrogel− solution transition. The repulsive force of negative charge restrained aggregation of silk fibroin with high β-sheet content, allowing the silk nanofibers flow in aqueous environments. The disassembly of silk nanofibers after ultrasonic treatment improved dispersion, resulting in the transition from hydrogel to solution state. By controlling the nanostructures with ultrasonic treatment silk fibroin with high beta-sheet content was maintained in the solution state until the concentration was above 2%, unlike previous studies. 27, 38 The concentration for the hydrogel−solution transition negatively correlated with the length of the silk nanofibers. For example, the solutionhydrogel transition point at 0.5% silk nanofiber with length of about 1 μm increased to 2% when the nanofibers were disassembled into nanoparticles tens of nanometers in size. The short nanofibers or particles formed after ultrasonic treatment reassembled to form longer nanofibers when incubated at different temperatures, accompanied by an inverse transition from solution to hydrogel ( Figure S6 ). Different factors such as the length and concentration of silk nanofibers/particles in the solution state, as well as the incubation temperature, influenced the transition rate from solution to hydrogel, implying that the hydrogel formation time was controllable ( Figure S6 ). Many potential applications for reversible systems such as those reported here can be envisioned. For example, an injectable system for filling tissue voids may be useful, when considering the biocompatibility of silk-based biomaterials. Cells or drugs can be included in the ultrasonic-treated silk solutions and then transformed into nanofiber hydrogels for delivery. The reversing transition rate between hydrogel and solution states could be regulated by ultrasonic intensity, treatment time and silk concentration at specific temperature such as 37°C, which would improve feasibility in biomedical applications. The dispersion in water would allow the use of silk fibroin nanofibers with high beta-sheet content to be useful as templates or nucleation sites for morphology and growth control of different nanomaterials. For example, silk nanofibers could be added into fresh silk solution to induce nanofiber growth and transition to stable silk II structures (Figure 4 ). The mechanical properties of the nanofibrous scaffolds could further be regulated with different annealing processes. Functional nanomaterials such as gold nanoparticles could be grown along the silk nanofibers to achieve control of particle size. As a template, silk could be used to coat different nanomaterials to form core−shell structures (Figure 4 ).
CONCLUSIONS
In this study, a new reversible hydrogel−solution system composed of β-sheet-rich silk nanofibers is reported, depending on silk concentration and the length of the nanofibers. The reversible solution-hydrogel transitions are regulated by changing the balance between hydrophobic interactions and electrostatic repulsion of the silk nanofibers. These nanofiberbased hydrogel−solution systems represent a new view of silk proteins as tunable reversible material systems.
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